The increased capillary fluid filtration required to rapidly create edema in acute inflammation can be generated by increased negativity of the interstitial fluid pressure (Pjf). This observation suggests that connective tissues can "actively" enhance capillary fluid filtration. We now show that in vivo blockade of 1,t-integrin adhesion receptors in rat skin causes local edema concomitant with increased negativity of Pjf.
mally Pif prevents increased interstitial fluid volume and edema formation, since increased interstitial fluid volume raises Pjf, which in turn acts as a counterpressure toward further filtration.' Transcapillary fluid transport is described according to Starling's hypothesis2 as the product of capillary hydraulic conductivity and the net filtration pressure across the capillary (AP), where AP is the imbalance between transcapillary hydrostatic and oncotic pressures. Under normal conditions AP can be calculated to be approximately 0.5 mm Hg in rat skin, whereas P,f in rat skin is normally -0.5 mm Hg.3 Visible From the Department of Physiology (R.K.R., H.W., S.A.R.), University of Bergen (Norway) and the Department of Medical and Physiological Chemistry (K.R.), University of Uppsala (Sweden). edema occurs in skin when the interstitial fluid volume increases by 50-100%4 and requires increased transcapillary fluid filtration and/or decreased lymphatic drainage. Since interstitial fluid volume in rat skin is turned over in [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] hours,5 the appearance of edema at 10 minutes requires that transcapillary fluid filtration is increased 50-100 times above control.
In burn injuries, increased negativity of Pif (to -100 to -200 mm Hg6.7) makes Pif the major driving force in promoting transcapillary fluid filtration but is at least partly associated with the denaturation of collagen.7 However, edema formation accompanying dextran anaphylaxis in rats8 is associated with increased negativity of Pif to approximately -10 mm Hg in the trachea9 and skin,'0 suggesting that increased negativity of Pf can occur also under more "physiological" conditions. These observations form the basis for stating that connective tissues may contribute "actively" to transcapillary fluid flux and edema formation. We reasoned that connective tissue cells may participate in controlling Pif by generating tensile strength on extracellular matrix fibers via f31-integrin matrix receptors. Integrins are a large family of heterodimeric adhesion receptors composed of noncovalently associated a and 1B subunits."1-'5 At least six subfamilies (181-186) sharing a common f3 subunit have been defined.'2'13'1617 The f31 subfamily of integrins encompasses adhesion receptors for collagen, laminin, and fibronectin.1 1-3, These re-ceptors also mediate contraction of fibroblast-populated collagen gels.18-20 Thus, 831-integrins could well be involved in the rapidly occurring increased negativity of Pif by releasing the adhesion between connective tissue cells and components of the extracellular matrix.
In the present study, we have investigated whether the f31-integrins participate in the control of Pjf. The experiments were performed by injecting test substances subdermally on the dorsal side of the rat paw immediately after inducing circulatory arrest during anesthesia. This procedure leaves Pif unchanged in control animals for at least 90 minutes21 and prevents edema formation associated with the test substances, which would raise interstitial fluid volume and thereby Pif, possibly masking the increased negativity of Pif induced by the test substance. Briefly, the experiments show that subdermal injection of anti-p1 integrin immunoglobulin G (IgG) caused lowering of Pif by, on average, -4 to -6 mm Hg from a mean control value of -0.6 mm Hg.
Materials and Methods
The experiments were performed on female Wistar M0ller rats weighing 200-250 g anesthetized with pentobarbital (50 mg/kg i.p.). The rats were kept on a servo-controlled heating pad when anesthetized. The procedures described in this article have been carried out with the approval of and in accordance with recommendations of the Norwegian State Commission for Laboratory Animals. In the experimental groups where Pif was measured, circulatory arrest was induced by intracardiac injection of saturated potassium chloride after pentobarbital anesthesia.
Procedures
Antibodies: /31-integrins. Rabbit polyclonal antibodies to f1-integrin were prepared as described by Gullberg et al. 22 The anti-fl integrin IgG was monospecific, as judged from immunoblotting and immunoprecipitation,18,"9,22 and perturbed the adhesion of fibroblasts to fibronectin and collagen type I. Furthermore, the anti-1,1 integrin IgG also inhibited fibroblast-mediated contraction of three-dimensional collagen gels in a reversible manner. 18 Control sera obtained before immunization of the rabbit were used to prepare IgG, which served as a control for the polyclonal antibodies used.
Antibodies: Fibronectin. Rabbit polyclonal antibodies were raised against purified rat plasma fibronectin. IgG from this antiserum inhibited the adhesion of rat cells to rat fibronectin.23
Antibodies: Monoclonal anti-rat a,j,3-integrin (3A3). 3A3 specifically recognized rat a1l31-integrin and perturbed rat cell adhesion to collagen and laminin as described elsewhere.19 '24,25 All IgGs were purified from sera by means of affinity chromatography on protein A-Sepharose (Pharmacia, Uppsala, Sweden) and dialyzed extensively before use. Interstitial fluid pressure. Pif was measured with sharpened glass capillaries with tip diameters of 3-7 gm. The pipettes were filled with 0.5 M NaCl, colored with Evans blue, and connected to a servo-controlled counterpressure system.21,26 This system allows a virtually atraumatic measurement of Pif without adding or removing fluid from the tissue. Punctures were performed by using a microscope (Wild M5, Leitz, FRG) and without applying stretch or compression to the skin.21 Measurements were performed 3-5 mm from an ink spot marking the tip of the injection needle (see Reference 10) and 0.2-0.5 mm below the skin surface. The measurement was accepted when the following criteria were fulfilled21: 1) The measured pressure did not change when feedback gain was increased. 2) After fulfillment of criterion 1, suction applied to the pump resulted in increased resistance in the pipette that was due to fluid of lower tonicity being pulled into the pipette. 3) Zero measurement did not change before and after the recording of Pif.
Zero pressure was measured in a plastic cup at the level of the puncture site. Measurements were performed with the animals in the supine position with the distal part of the paw fixed to the side of the puncture table with surgical tape. Care was taken to avoid stretch or compression to the skin. After control measurement with intact circulation, Pif could usually be measured within 2-3 minutes after cardiac arrest and subdermal injection of the test substance.
Measurements obtained in the following time periods were grouped together: 0-5, 6-10, 11-20, 21-30, 31-45, 46-60, and 61-90 minutes after injection. The counterpressure created by the pump was recorded with a pressure transducer (model 1280C, Hewlett-Packard Co., Palo Alto, Calif.), an amplifier (model 8805B, Hewlett-Packard), and a recorder (model 7414A,
Edema formation. Fluid accumulation was measured from the water content in skin biopsies obtained from the dorsal sides of the paw. The biopsies included the skin on the dorsal side of the paw and were taken by lifting the skin at the ink point marking the site of injection and cutting with a pair of scissors. The biopsies contained dermis and the part of subcutis attached to it when the biopsy was removed. The wet weight of the biopsies was 0.1-0.2 g. The biopsies were placed in preweighed vials, which were then reweighed as soon as possible. All weighings were performed to the nearest 0.1 mg. After determination of radioactivity (see below), the samples were dried at 65°C until they reached constant weight to obtain water content and dry tissue weight.
Transcapillary albumin extravasation. Transcapillary albumin extravasation was measured in the same skin biopsies that were used to obtain total tissue water for the 5-minute distribution volumes of 1311 and 12511 labeled human serum albumin (Institutt for Energiteknikk, Kjeller, Norway). The isotopes were injected intravenously in a PE-50 catheter in the external jugular vein 5 or 10 minutes before obtaining the tissue samples (see below). Distribution volumes were calculated as plasma equivalent spaces (i.e., counts per minute per gram dry tissue weight divided by counts per minute per milliliter plasma). The blood samples were obtained by cardiac puncture just before killing the rats with 0.5 ml saturated potassium chloride. Radioactivity was determined in a Wallac LKB Compugamma with automatic spillover and background subtraction.
Experimental Protocol
Five microliters of test substance was injected on the dorsal side of the paw with a 10-,ll chromatography syringe (Hamilton, Switzerland Anti-lI integrin IgG. IgG was prepared as described above. 18, 19, 22 Two different preparations were used, with concentrations of IgG of 3.4 mg/ml (n =5) and 4.5 mg/ml (n=6). In addition, one of the preparations was used after dilution to 0.7 mg/ml (n=4). As a control to the anti-fl1 integrin IgG, preimmune IgG from the same rabbit was used in a concentration of 2.5 mg/ml (n=9).
Polyclonal anti-fibronectin. The antibody was used in a concentration of 2.5 mg/ml (n=4). The same preimmune IgG as above was used as the control.
3A3. 3A3 was used in concentrations of 1.2 mg/ml (n=4) and 6 mg/ml (n=4).
Synthetic hexapeptides. The two peptides Gly-Arg-Gly-Asp-Thr-Pro and Gly-Arg-Gly-Glu-Ser-Pro (Telios Pharmaceuticals, Inc., San Diego, Calif.) were used in concentrations of 5 mg/ml (n=6 in both groups).
Edema formation and transcapillary albumin extravasation. Total tissue water and transcapillary albumin extravasation were measured in biopsies from the paw skin taken at 10 (n=6), 30 (n=5), and 60 (n=6) minutes after subcutaneous injection of 5 gl anti-fl1 integrin IgG (3.4 mg/ml). Preimmune IgG (5 ,gl, 2.5 mg/ml) injected on the contralateral paw served as the control. The increase in total tissue water was calculated as the total tissue water in the paw injected with anti-fl1 integrin IgG minus that injected with preimmune IgG. The plasma equivalent distribution volumes for radioactive albumin are reported separately for the paw injected with anti-Pl1 integrin IgG and preimmune IgG.
Statistical Methods
Two-tailed t tests were used to compare experimental values and control values, using paired comparison when possible. A value of p<0.05 was considered statistically significant.
Results

Interstitial Fluid Pressure
Control Pif averaged -0.58+0.81 (mean+ SD) mm Hg (n=37) after circulatory arrest had been induced and before the injection of test substances. Injection of 5 gl of 0.9% NaCl or preimmune IgG did not change Pif significantly compared with preinjection values (Figure   1 ) (p>0.05). Injection of 5 ,ul anti-fl, integrin IgG caused increased negativity of Pif within 10 minutes by between -4 and -6 mm Hg (Figure 1 ) (p<0.05 compared with preinjection and preimmune IgG). The increased negativity of Pif was dependent on the anti-fl1 integrin IgG concentration (Figure 2) , and the data presented in Figure 1 are the combined data from the two highest concentrations of anti-fl1 integrin IgG shown in Figure 2 . Injection of anti-rat fibronectin did not change Pif compared with that measured before the injection (Figure 1 negativity of Pif of 2-3 mm Hg compared with the preinjection control values (p>0.05) but had no effect in concentrations of 1.2 mg/ml (p>0.05). The Gly-Arg-Gly-Asp-Thr-Pro and Gly-Arg-Gly-Glu-Ser-Pro peptides did not change Pif significantly, although a slight, but insignificant, increased negativity of Pf was seen up to 15 minutes when injecting Gly-Arg-Gly-Asp-Thr-Pro (Figure 1 ) (p>0.05).
Edema Formation and Transcapillary Extravasation Rate ofAlbumin
Total tissue water in the paw injected with anti-p1
integrin IgG was 0.92+0.52 ml/g dry wt (n=6) above that in the paw injected with preimmune IgG after 10 minutes ( Figure 3 ) (p<0.01). At 30 and 60 minutes after injection, total tissue water had increased by 0.58+0.37 ml/g dry wt (n=5) (p<0.05) and 1.45+0.54 ml/g dry wt (n=6) (p<0.01). The transcapillary extravasation of albumin was initially two to three times higher after injection of anti-p1, integrin IgG compared with preimmune IgG but reached control levels beyond 20-30 minutes after injection (Figure 4 ).
Discussion
The present study showed that subdermal injection of polyclonal antibodies to 81-integrins caused rapid development of edema concomitant with a lowering of Pif. peptides caused increased negativity of Pif suggests that the observed increased negativity of Pif is a specific effect induced by the anti-fl1 integrin IgG.
The edema-generating effect of anti-fl1 integrin IgG was investigated in rats with an intact circulation. Injection of anti-fl1 integrin IgG rapidly caused edema (Figure 3 ). The gain in total tissue water in 10 minutes corresponded to a 100% increase in interstitial fluid volume.4 Since interstitial fluid volume in rat skin turns over in 12-24 hours,5 the increase in interstitial fluid volume implies that the capillary fluid filtration must have increased by 50 to 100 times above the control level, not accounting for the fluid removed by the lymphatics during the observation period. The anti-f31
integrin IgG caused a small and transient increase in capillary protein extravasation by two to three times above the control level, with return to the control level 20-30 minutes after injection (Figure 4 ). The transiently increased albumin extravasation can be due to increased capillary permeability or simply increased convective transport that is due to the increased transcapillary fluid flux.27 The much larger increase in capillary fluid flux (50-100 times) compared with albumin flux (two to three times) would seem to suggest that the increased capillary extravasation is due to increased convective transport with maintained capillary permeability. Thus, the rapid edema formation shows that the anti-f,3 integrin IgG in vivo will increase transcapillary fluid transport. Taken together with the observation of increased negativity of Pif induced by anti-/31 integrin IgG and the small increase in capillary albumin extravasation, the observations together suggest that the increased negativity of Pif is the main driving force for the rapidly forming edema.
The increased negativity of Pif observed after subdermal injection of rabbit anti-fl3 integrin IgG does not seem to be an unspecific reaction. The IgGs used in the present study were purified on protein A-Sepharose, making it highly unlikely that small molecular weight proinflammatory substances such as histamine or prostaglandins were present. Furthermore, the effects of the two different batches of anti-f31 integrin IgG on Pif speak against an unspecific effect, since preimmune IgG obtained from the same, as well as from another, rabbit (data not shown) had no effect on Pif. The lack of effect of anti-rat-plasma fibronectin IgG on Pif further supports this conclusion.
The anti-p1 integrin IgG was monospecific, as judged from immunoblotting and immunoprecipitation,1819,22 and perturbed the adhesion of fibroblasts to fibronectin and collagen type I as well as induced the contraction of rat cardiac fibroblast-populated collagen gels. Since the latter effect is reversible,19 the effects of the anti-fl1 integrin IgG are not due to cell toxicity but rather to a specific perturbation of 1-integrin functions. Furthermore, the fact that Pif was not altered by identically prepared preimmune IgG from the same rabbit and rabbit anti-rat-plasma fibronectin IgG shows that the observed increased negativity of Pif was not an unspecific effect. The rabbit anti-rat-plasma fibronectin IgG effectively inhibited attachment to fibronectin but did not alter Pf.
Furthermore, the synthetic hexapeptide Gly-Arg-Gly-Asp-Thr-Pro containing the amino-acid sequence of the fibronectin binding site (Arg-Gly-Asp) and its control peptide Gly-Arg-Gly-Glu-Ser-Pro had no effect on Pf.
The observations with the two synthetic hexapeptides and the anti-rat-plasma fibronectin IgG together suggest that fibronectin is not involved in creating the increased negativity of Pif induced by the injection of anti-p1 integrin IgG.
Since fibronectin does not seem to be involved in creating increased negativity of Pif, a more likely explanation for the effects of anti-f,1 integrin IgG is that the collagen fiber network is normally kept under tension by fibroblasts. Subdermal injection of anti-fl1 integrin IgG will then release this tension. In the flu subfamily, alfl, a2f31, a3,f1, and aj81 have all been reported to act as receptors for collagens.28 32 Primary rat heart fibroblasts express al,l1 and al2,1 ,'33 but a3f1 in these and other primary rat cells has no collagen receptor function.33 3A3 effectively blocks adhesion of cells in which a1lp1 is the only collagen receptor'9,24,25 and partly inhibits contraction of fibroblast-populated collagen gels (authors' unpublished data). 3A3 had no significant effect on Pif even at 6 mg/ml and no effect at 1.2 mg/ml (data not shown), in agreement with the observation that 3A3 only partly affects adhesion to collagen when a1l1 and a,2P1 are present.'9 Although our observations cannot clearly outline which of the a-integrin units are involved, it would seem that afl,1 and a2fl1 are the two most likely candidates.
Perturbation of the fl-integrin function describes a fundamentally new way to acutely control transcapillary fluid flux. Reduction of the tension mediated by the fibroblasts on collagen will increase the negativity of Pf, in turn increasing the transcapillary fluid flux, and potentially reduce the filling of the initial lymphatics.
The acute perturbation of the fl-integrin function seen after subdermal injection of anti-fl integrin IgG is probably best described in physical terms as a decreased interstitial compliance, since anti-fl1 integrin causes increased negativity of Pif with maintained interstitial volume. However, it is important to emphasize the difference between acute perturbations of the fl-integrin function as seen after the injection of anti-f1 integrin IgG, which definitely increases transcapillary fluid flux and interstitial fluid volume, versus a steadystate situation in which transcapillary and lymphatic fluxes again become equal. In a steady-state situation, altered interstitial compliance will not influence the steady-state interstitial volume, but decreased compliance will greatly reduce the time required to attain a new steady state, whereas the opposite is the case for an increased compliance. 34 The present observations are novel in several aspects and contribute importantly to our understanding of connective tissue homeostasis as well as alterations in acute inflammation. First, they demonstrate a dynamic in vivo effect of fl,-integrins for the first time. Second, they show that in vivo perturbation of fl1-integrin function by anti-fl1 integrin IgG increased the negativity of Pf, creating a transcapillary fluid flux and a rapidly forming edema. This observation adds connective tissue cells and f1-integrin function as a fundamental new mechanism to control transcapillary fluid transport through the interstitial hydrostatic pressure contained in Starling's hypothesis. Finally, the results provide experimental support for the novel hypothesis that the interstitial matrix components are normally kept under tension by connective tissue cells35 and that this tension is at least partly mediated via fl1-integrins. Our observations indeed imply that increased negativity of Pjf, important for creating the large fluid shifts associated with acute inflammatory reactions, may be controlled via fl1-integrins. Subdermal injection of rabbit anti-rat ,l1-integrin IgG increased the negativity of Pif in a manner similar in time course and magnitude to that seen in several acute inflammatory reactions. The anaphylactic reaction to dextran in both skin and trachea9"0 is similar in time course and magnitude to that observed after the subdermal injection of anti-fl1 integrin IgG. Similar data have also been obtained in carrageenan-induced edema in skin36 and in the trachea after injection of specific mast cell-degranulating substances.37 When taken together, the present observations suggest that perhaps all these acute inflammatory reactions share a common final pathway leading to the increased negativity of Pjf.
Because of the data presented in the present study, it is tempting to suggest that interference with the normal fl1-integrin matrix receptor function in skin constitutes a final and common mechanism for creating the increased negativity of Pif that has been observed in these acute inflammatory reactions.
